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(x, y, z)  Cartesian-coordinate components along the 
stream-wise, wall-normal and out-of-plane 
directions
α  Angle of attack of the wing (◦)
δ  Discrete difference
f   Mean of a quantity, f
ρ  Flow density (kg m−3)
A  Planform area of the wing, s× c (m)
AR  Wing aspect-ratio, s/c
c  Wing chord, profile chord (m)
cd  Drag coefficient, obtained as: 
D
1/2ρV2∞A
cl  Lift coefficient, obtained as: 
L
1/2ρV2∞A
cm  Pitching-moment coefficient, obtained as: 
M
1/2ρV2∞Ac
cp  Pressure coefficient, obtained as: 
p−p∞
1/2ρV2∞
D  Wing drag (N)
d  Lens diameter (mm)
f  Lens focal length (mm)
f ′  Fluctuations of a quantity, f
f #  Lens aperture, f/d
h  Test-section height (m)
L  Wing lift (N)
l  Test-section length (m)
M  Wing pitching-moment (N m)
n  Stall-cell number
p  Static pressure (Pa)
p∞  Free-stream static pressure (Pa)
s  Wing span (m)
sgn  Sign of a variable, f /|f |
St  Strouhal number, defined as νc/V∞, where ν is 
the characteristic frequency of the vortex-shed-
ding in the flow
t  Wing/airfoil thickness per chord percentage
Abstract  A 3D stall-cell flow-field has been studied in 
a 4.8 aspect-ratio wing obtained by linear extrusion of a 
laminar NACA64-418 airfoil profile. The span-wise change 
in the velocity and pressure distribution along the wing has 
been quantified with respect to the development of cellular 
structures from 8◦ to 20◦ angle of attack. Oil-flow visuali-
zations help localizing the regular cellular pattern in func-
tion of the angle of attack. Multi-plane stereoscopic PIV 
measurements obtained by traversing the entire setup along 
the wing span show that the flow separation is not span-
wise uniform. The combination of different stereoscopic 
fields into a 3D volume of velocity data allows studying the 
global effect of the stall-cell pattern on the wing flow. Inte-
gration of the experimentally computed pressure gradient 
from the Navier–Stokes equation is employed to compute 
the span-wise distribution of the mean surface pressure. 
Comparison of the results with the ones obtained from 
pressure taps installed in the wing evidences a span-wise 
periodic loading on the wing. The periodic loading has 
maxima confined in the stream-wise direction between the 
location of the highest airfoil curvature and the one of the 
airfoil flow separation. Estimation of the periodic loading is 
found within 2–6 % of the sectional wing lift.
List of symbols
(u, v, w)  Cartesian-velocity components along the  
stream-wise, wall-normal and out-of-plane 
directions
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V  Velocity vector with Cartesian components, 
u, v, w (m s−1), along the stream-wise, wall-nor-
mal and out-of-plane directions, x, y, z (m)
w  Chord-normalized distance between the separa-
tion line and the stall-cell vortex axis





CNC  Computer numerical control
LE  Leading edge
LTT  Low-turbulence wind tunnel
PIV  Particle-image velocimetry
Re  Reynolds number, defined as: ρV∞c
µ
TE  Trailing edge
1 Introduction
1.1  Stall‑cells in airfoils
The onset of stall has been extensively studied in many aer-
odynamic applications, ranging from wind-turbine blades 
to axial compressors. One of the most critical aspects 
of stall is the abrupt change in the aerodynamic perfor-
mance of many devices, resulting into a sudden change 
of lift and drag caused by flow separation. Airfoil-flow 
stall (Clancy 1975) is conventionally approximated with 
a uniform separation front and measured neglecting any 
three-dimensionality effect in several wind-tunnel models. 
This simplification is rarely verified during experimental 
campaigns, due to the frequent reorganization of the flow 
separation into a more complex 3D cellular pattern (Boiko 
et al. 1996), accompanied by radical changes in the lift 
and drag of the wing itself. Early literature studies from 
Gregory et al. (1971) and from Weihs and Katz (1983) 
have shown that in low aspect-ratio wings, predominantly 
generated by extrusion of a laminar airfoil, the separated 
flow at the trailing edge reorganizes in a three-dimensional 
pattern of cellular structures. The authors point out that 
the three-dimensionality of the flow can lead to a change 
of the airfoil performance, most importantly: the maxi-
mum lift coefficient. One of the main features of laminar 
airfoils under moderate angle of attack is the presence of a 
leading-edge separation bubble, the sudden breakdown of 
which, so-called bursting, determines an abrupt loss of lift 
and an increase in drag (Crimi and Reeves 1976; Kozlov 
et al. 2006). Despite its occurrence in many low aspect-
ratio wings, it seems that the presence of such a flow fea-
ture is not affecting the topological pattern of the span-wise 
periodic structures. However, the burst of the leading-edge 
separation bubble destroys the cellular pattern, due to flow 
separation at the leading edge occurring at a relatively high 
angle of attack. As seen by Gregory et al. (1971), stall-
cells have been found to be rather persistent flow features 
already in supposedly 2D airfoil-testing. In their study, 
several mechanisms including extensive wall-suction were 
attempted to suppress the 3D flow pattern and to restore a 
uniform flow separation at the suction side of the model. In 
their early study, focusing on a simple flow visualization, 
Winkelmann and Barlow (1980) refer to such structures as 
mushroom-shaped or “owl’s face” cellular patterns. The 
peculiar names are due to a pair of counter-rotating vortices 
with axis perpendicular to the wing planform, generated by 
the rearrangement of the flow separation front occurring at 
moderate angles of attack. Additional investigations from 
Winkelmann (1990) and Bippes et al. (1987) confirmed the 
presence of paired vortical structures developing along the 
wing, though not further progressing in linking their for-
mation to the typology of airfoil separation. Although these 
counter-rotating vortices have been visualized in several 
finite-wing models, both early (Gregory et al. 1971) and 
more recent literature (Schewe 2001) agree in not attrib-
uting the physical origin of stall-cells to the consistent 
separation typically occurring at the wing tips. One of the 
first explanations given to the formation of 3D structures 
from a 2D separation line has been originally found in the 
work of Weihs and Katz (1983). In their work, they sug-
gested that the cellular pattern is the result of a Crow-type 
instability, where two counter-rotating vortices mutually 
interact amplifying small oscillations in their shape, up 
to the formation of a chain of vortex rings (Crow 1970). 
Although this hypothesis might explain the first stage of 
the evolution of the vortex sheet associated with the flow 
separation into a three-dimensional cellular pattern, the 
intrinsic inviscid character of Crow-type instabilities can-
not give information on the origin of the pattern, due to the 
presence of a viscous boundary layer and solid bounda-
ries. Weihs and Katz (1983) still focus on the deformation 
of the flow separation front into a more complex pattern at 
a moderate airfoil angle of attack. In more recent studies 
(Rodriguez and Theofilis 2010), new hypotheses tend to 
ascribe the phenomenon to span-wise instabilities in the 
flow separation front, amplified by the increase in angle of 
attack at low Reynolds number for laminar airfoils. More 
in particular, the work of Rodriguez and Theofilis (2010) 
attributes the generation of stall-cells to the amplifications 
of a two-dimensional instability in the flow separation line. 
Elimelech et al. (2012) correct the present idea by ascribing 
the phenomenon to a three-dimensional span-wise instabil-
ity. However, the work of Yon and Katz (1998a) refuted the 
previous hypothesis by acquiring pressure measurements 
on a wing model, being in disagreement with the pres-
ence of such an instability made out of a single vortical-
line. Additionally, the latter provided extra information on 
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stall-cells pattern characteristics, as for example the linear 
proportionality between the integer number of cells on the 
wing surface and their aspect-ratio, in agreement with the 
estimation from Winkelmann and Barlow (1980) obtained 
on a wing-flap few years before. More extended informa-
tion is also provided by the authors on the time-scale of the 
cellular movement (Yon and Katz 1998a, b). Recent results 
from Manolesos et al. (2014) confirmed that the geomet-
rical shape of such structures in function of the angle of 
attack is function of the profile characteristic. In particular, 
they showed that the Reynolds number has an effect on the 
upstream location of the separation front, while the stall-
cell area-growth is proportional to the increase in angle of 
attack and, more precisely, independent of the wing aspect-
ratio for relatively high angles.
1.2  Frequency content and dynamics
Stall-cells have been found to have both a rather steady or 
dynamic time-response, with peculiar features dependent 
on the flow Reynolds number and on the characteristics of 
the boundary layer at their location. Yon and Katz (1998a) 
showed, by use of fast-responding pressure transducers 
embedded in a NACA0015 wing at Re = 0.60 × 106, that 
stall-cells oscillate with a dominant frequency below the 
one corresponding to wake instabilities, determined by 
the separated flow on the wing. In particular, the authors 
showed that low-frequency (St ≈ 0.04) oscillations are 
associated with stall-cells, while higher-frequency contri-
butions relate to the most common wake instabilities (St ≈ 
0.15). Additionally, their unsteady-pressure time-histories 
suggested that pressure fluctuations as measured at the 
locations of stall-cells do not have any connection with the 
ones associated with the wake shedding entailing that:
1. the wing shear layer determines the formation of two 
independent types of coherent structures: one pertain-
ing to the shedding of the separated flow in the wake 
and another to the stall-cell pattern;
2. although cellular structures are found to be unsteady, 
their movement in time is rather limited when com-
pared to bluff-body shedding.
The behavior of stall-cells at lower Reynolds numbers 
is more controversial: recent studies from Broeren and 
Bragg (2001) found no span-wise time-fluctuations at 
Re = 0.30 × 106, contrarily to the work of Zarutskaya 
and Arieli (2005), reporting rather irregular motions at 
Re = 0.39 × 106. Recent works from Rodriguez and 
Theofilis (2010) using bi-global linear-instability analy-
sis showed topological similarities between laminar 
separation bubbles and stall-cells, in terms of modal 
instability-components.
1.3  Loading distribution
Stall-cells have been found to modify the loading distribu-
tion of airfoil wings. A first insight can be already found in 
the work of Yon and Katz (1998b). In their work, by analy-
sis of pressure measurements in the attached flow region 
between different stall-cells, they found a wing pressure 
distribution corresponding to the one obtained with poten-
tial-flow calculations of the same flow at a lower angle of 
attack. One of the main conclusions of their study was the 
relevance of these differences with respect to the maneu-
verability of the wing once deployed in aircraft applica-
tions. This was also confirmed later by Disotell and Greg-
ory (2015) suggesting that stream-wise vortices emanating 
from the stall-cell “foci” determine a consistent downwash 
with associated high-amplitude pressure fluctuations. When 
extended to airfoils and wings in dynamic regimes, Carta 
(1975) measured an additional non-uniform load distribu-
tion determined by these cellular flow structures, actively 
contributing to the presence of stall-delay. The presence of 
these stall-cell structures has been investigated as well in 
helicopter applications (Ottavio et al. 2008). In these high 
aspect-ratio rotating-wings, the radial flow is the driver 
of the instability which brings to the development of cel-
lular structures preventing the centrifugal increase of the 
radial-velocity distribution up to the tip. In computational 
fluid dynamics, a substantial amount of research has been 
devoted to determine the effect on the pressure distribu-
tion and loading in low aspect-ratio wings (e.g., Zarutskaya 
and Arieli 2005; Taira and Colonius 2001). In particular, 
Taira and Colonius (2001) concluded that in low aspect-
ratio wings, the stall-cells regime is an intermediate state 
which persists till the wake degenerates in a pure 2D Kar-
man-shedding. Despite the large body of literature focus-
ing on stall-cells dynamics, it is rather unclear what their 
actual effects on the wing velocity and pressure fields are. 
Predominantly in wind-turbine blades, currently designed 
on the basis of two-dimensional BEM codes (Burton et al. 
2001), 2D polars from wind-tunnel tests (Selig et al. 1995, 
2011) and steady computations, it is crucial to quantify 
the performance change with respect to a flow separation 
that is not span-wise uniform. Especially in modern airfoil 
design-solutions, where aerodynamic and structural charac-
teristics (Ragni et al. 2014) are combined in high aspect-
ratio blades, the determination of a 3D unsteady loading 
might enhance the fatigue of the wing, or even affect the 
resonant response of the structure once installed in a wind 
turbine. In this respect, the present study addresses the 
comparison between supposedly two-dimensional steady 
polars acquired with wind-tunnel pressure taps, and the 
three-dimensional pressure distribution computed from 
stereoscopic particle-image velocimetry (SPIV) velocity 
fields. More precisely, the manuscript aims at quantifying 
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the change in the local pressure distribution due to stall-
cells on a laminar NACA64-418 wing, reference profile for 
several wind-turbine and helicopter applications. An oil-
flow investigation of the NACA64-418 wing is carried out 
followed by a SPIV characterization of the span-wise flow 
field. Vector fields in planes parallel to the mid-span one 
have been combined to form a volume of data. The proce-
dure has been found in recent studies to be relatively use-
ful in the quantification of the size and characteristics of 
the stall-cells pattern (Manolesos et al. 2014). The experi-
mental velocity fields are subsequently used as input in the 
Navier–Stokes equations in a similar effort as in Noca et al. 
(1999), van Oudheusden et al. (2007), Ragni et al. (2012), 
to obtain the pressure gradient directly integrated into flow 
pressure, further compared to pressure taps installed in the 
wing model.
2  Experimental model and wing performance
2.1  Wind‑tunnel and airfoil model
A NACA64-418 airfoil with chord c = 25 cm and chord-
normalized thickness t/c = 18 % has been manufactured 
into an aluminum wing of span s equal to the height of the 
wind-tunnel test section h of 1.25 m and aspect-ratio AR = 
h/c = 4.8. In Fig. 1, the coordinates of the laminar airfoil 
profile NACA64-418 are presented together with a picture 
of the wing in the test -section. The wing has been manu-
factured by computer numerical control (CNC) machin-
ing, with a final roughness below half a micron. The 
model has been vertically installed in the closed-circuit 
low-turbulence wind tunnel (LTT) of the TU Delft labora-
tories. The wind tunnel has an octagonal test section with 
1.80 m width, 1.25 m height and 2.60 m length. With a 
contraction ratio of 17.6, the wind tunnel can reach a 
maximum wind speed of 120 m s−1 with a turbulence 
level ranging within 0.07 to 0.15 % in wind speeds from 
10 to 75 m s−1. The model has been supported in the tun-
nel section by a six-component balance able to measure 
steady lift, drag and pitching moment. A series of 52 pres-
sure taps (24 on the bottom surface and 28 on the top one) 
have been installed in the wing. The chord-wise location 
of the pressure taps is indicated in Fig. 1b. The orifices 
have been located on a plane inclined of 15◦ with respect 
to the mid-span one, in order to ensure interference-free 
measurements. All pressure taps have been connected to a 
scanni-valve able to sample the entire pressure distribution 
at a frequency of about 2 Hz, allowing for the acquisition 
of the average pressure on the airfoil surface. A measure-
ment acquisition time of about 3 min per angle of attack 
has been chosen in order to have ensemble averages with 
at least 350 samples.
2.2  Airfoil lift and drag performance
Aerodynamic loads have been measured in a range of 
angles of attack from −20◦ to +30◦, at a free-stream veloc-
ity of V∞ = 60 m s−1, corresponding to a Reynolds num-
ber of Re = 106. The airfoil characteristics lift/drag/pitching 
moment are shown in Fig. 2 as obtained from the six-compo-
nent balance in both free and forced boundary-layer transition. 
Boundary-layer transition has been forced with two different 
serrated tapes: a first configuration with 0.32 mm serrated tape 
Fig. 1  a NACA64-418 wing 
model installed in the wind-tun-
nel test section. b NACA64-418 
profile and chord-wise location 
of the pressure ports on the 
wing model
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(6 mm width, 30◦ zigzag angle) placed at x/c = 0.30 on both 
surfaces and a second configuration with 0.20-mm serrated 
tape at x/c = 0.05 on the top surface and x/c = 0.10 on the bot-
tom one. The particular choice of the previous dimensions has 
been based upon the work of Braslow and Knox (1958) and 
later of Selle (1999), prescribing the most effective turbulator 
height in order not to have a relevant modification of the airfoil 
performance. Measurements with free boundary-layer transi-
tion have been acquired by keeping the airfoil in the original 
clean condition. Results show that the steady lift and drag 
polars are independent of the Reynolds number for values 
larger than Re = 0.7× 106. The typical linear behavior of the 
lift coefficient is measured between −9◦ and 7◦. In this range 
of angles of attack, small Reynolds effects are appreciated, 
besides a considerable reduction of the max-lift angle of attack 
for the curve at Re = 0.3× 106. This is coherent with the 
typical behavior of laminar airfoil profiles, having a laminar-
flow separation bubble sharpening the response at maximum 
lift and abruptly causing leading-edge flow separation due to 
its bursting at high angle of attack (Hu and Zifeng 2008). The 
Fig. 2  Lift/drag/pitching-moment coefficient obtained from six-com-
ponent balance measurements, NACA64-418 wing with AR = 4.8, 
results for Re = 106, 0.7× 106, 0.3× 106. Top row free boundary-
layer transition. Middle row forced boundary-layer transition with 
0.32 mm zigzag tape (6 mm width, 30◦ angle) placed at x/c = 0.30 
on both top and bottom surfaces. Bottom row forced boundary-layer 
transition with 0.20-mm zigzag tape (6 mm width, 30◦ angle) placed 
at x/c = 0.05 on the top surface and x/c = 0.10 on the bottom one. 
Black airfoil polars as obtained by one-directional pitching of the air-
foil; red airfoil hysteresis cycle
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full flow separation on the top surface is measured at about 22◦ 
angle of attack with a hysteresis cycle which restores the origi-
nal airfoil performance when pitching down to 18◦. At lower 
Reynolds, the hysteresis cycle extends to a relatively larger 
angle of attack. This indicates that the airfoil curvature close 
to the leading-edge location is such that the flow on the airfoil 
surface needs a more favorable pressure gradient to reestablish 
its original performance. Measurements pertaining to the wing 
operating with forced boundary-layer transition do not show 
an important degradation of the laminar airfoil performance, 
though a clear anticipation of the nonlinear regime is visible in 
both curves of the lift and drag coefficients, as expected by the 
earlier reenergization of the boundary layer induced by forced 
transition. Forcing of the boundary layer seems to interfere 
with the role of the separation bubble allowing for a less pro-
nounced change of all airfoil curves at high angles of attack. 
Previous studies from Boiko et al. (1996) confirmed that the 
lift and drag coefficients of such airfoil result from a flow field 
that combines both the leading-edge separation bubble and 
the stall-cells. The first flow feature acts mostly at the wing 
leading edge where the curvature is max, therefore showing 
the largest contribution on the maximum cl. Despite this fact, 
Boiko et al. (1996) showed that by actively operating through 
acoustic disturbances in the separated-flow region, a more 
prominent effect of the 3D reorganization of the stall-cell flow 
can be made on the pressure distribution. In the following 
section, the characteristic of such flow features for angles of 
attack corresponding to the ones in Fig. 2 will be analyzed and 
discussed.
3  Organization of stall‑cells in a NACA64‑418 
wing
Stall-cells develop in the form of three-dimensional elon-
gated structures, typically localized in a “mushroom”-like 
type shape (Winkelmann and Barlow 1980; Winkelmann 
1983). The span-wise elongation and size of these struc-
tures depend upon the pressure gradient in the separated-
flow region, function of the airfoil characteristics, such as 
angle of attack and Reynolds number (Manolesos et al. 
2014). In this section, a schema of the flow features per-
taining to the NACA64-418 laminar profile is given. The 
origin of stall-cells is determined by the reorganization of 
the separation front of the wing, which can be seen in the 
combined schema/results in Fig. 3. Flow fields pertain-
ing to wings with laminar airfoil profiles typically show 
a small separation bubble close to the leading edge of the 
wing. Besides footprints in the oil-flow visualizations, 
results from the present study show a more predominant 
effect of this small separation bubble in the pressure ori-
fices data. In the close vicinity of the leading edge of the 
wing, the oil-flow visualizations suffer from high curva-
ture and photographic-reflections effects. The origin of 
cellular structures spatially locates in the reorganization 
of the separation front (Fig. 3) which extends up to the 
entire wing span. It has to be noted that in the literature 
the separation front is typically referred to as a laminar 
one; however, several studies report that the stall-cell 
formation mechanism is not affected by the turbulent 
enforcement of the boundary layer before the flow separa-
tion (Gregory et al. 1971). However, this dependency is 
true as long as the turbulent transition does not affect the 
flow at the separation bubble, which develops upstream 
the stall-cell pattern.
The separation front from a span-wise uniform flow 
feature transforms into a cellular pattern alternated with 
stall-cells and stagnation points (so-called focix) as shown 
in Fig. 3. In the following section, a more detailed analy-
sis of the flow field is carried out with oil-flow visualiza-
tions. Results are presented for the NACA64-418 wing at 
Re = 106 under free boundary-layer transition.
Fig. 3  Schematic of the 
stall-cell flow pattern on the 
NACA64-418 wing with AR 
= 4.8, based on results for 
α = 13◦, Re = 106. Pattern in 
agreement with studies from 
Boiko et al. (1996) and Rodri-
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3.1  Oil‑flow visualization of stall‑cells in a NACA64‑418 
wing
The stall-cell flow-organization is visualized in function 
of the angle of attack for the NACA64-418 wing. Oil-flow 
visualizations are presented in Fig. 4, obtained by acquir-
ing images of the airfoil surface painted with a fluorescent 
mixture and illuminated with diffused ultraviolet light. 
The mixture is obtained from 50-mm liquid-paraffin wax 
and 15–25 drops of fluorescent-oil additive A-680 from 
(UVP, INC. San Gabriel, CA., USA). Illumination is pro-
vided by an ultraviolet lamp from Labino type PS 135 
UV. Images are acquired with the wing in a steady con-
figuration, where the angle of attack is set in a range from 
0◦ to 20◦ at Re = 106. The recording camera is placed at 
a 90◦ angle with respect to the wing planform. A third-
order polynomial calibration is applied in order to map 
the curved surface of the airfoil into a straight span-wise 
plane of dimension c× s. Results in Fig. 4 identify the cel-
lular structures on the airfoil wing in function of a static 
airfoil angle of attack, at a Reynolds number of 1 million. 
The number of cellular structures presented on the wing 
has been compared to two empirical formulas derived 
from previous literature. According to Crow’s (1970) the-
ory, the integer number of stall-cells is solely function of 
the wing aspect-ratio: n = AR/2.28. A more complex for-
mula can be found in the study from Boiko et al. (1996): 
n = AR/17.2× k × tan(α), where AR is the wing aspect-
ratio, α is the angle of attack at which the flow separation 
is seen for the first time, k is the chord-normalized distance 
between the separation line and the stall-cell vortex axis.
The first formula with wing aspect-ratio of 4.8 gives 
a resulting Crow’s predicted integer number of 2 stall-
cells per wing span, while with separation angle of 8◦ and 
about 20 % chord distance between the separation line 
and the stall-cell vortex axis, a single “vortex pair” (so-
called by the authors) is obtained with the second formula 
for all angles of attack. The beginning of the instability 
can be seen at 9◦, when the separation line buckles from 
an approximately straight pattern into a stall-cell one at a 
chord-wise location of about x/c = 0.8 (Fig. 4b). The for-
mation of stagnation nodes in the wing surface (Boiko et al. 
1996) appears from 11◦ angle of attack, as shown by the 
abundant collection of oil in the stagnation region. The 
presence of multiple nodes in the wing span with a spac-
ing of 0.20h is a result of the development of the separation 
front into a three-dimensional pattern, with oil recircula-
tion zones at the nodes location. By increasing the angle 
of attack from 9◦ to 13◦, the distance between two different 
stagnation zones increases up to about 0.30h, distance kept 
till the separation reaches the leading edge of the airfoil. 
The reduction of the stagnation size in the same range of 
angles of attack proves that the three-dimensional pattern is 
dependent to the amplitude of the suction region on the top 
surface. In order to confirm that the stall-cell pattern is not 
the result of a boundary-layer trigger to turbulent flow, the 
flow has been locally forced with a strip of tape of 0.2 mm 
thickness and 6 mm inclined at about 15◦ along the chord 
direction at about 0.30–0.35 span-wise location (traces of 
it can be seen from photographic reflection in the oil-flow 
images). The characteristics of the tape are in the range 
specified by Braslow and Knox (1958) to force the transi-
tion of the boundary layer to turbulent (from 0.07 to 0.47 
mm), though no effect on the stall-cell pattern is found, in 
agreement with the previous literature. In Fig. 5, the flow 
around two consecutive stall-cells has been imaged in time 
to show the progressive accumulation of oil in the stagna-
tion region, giving additional information on the sense of 
rotation of the flow in the zone. Although not being a time-
resolved oil-flow visualization, Fig. 5 has been obtained 
by setting the angle of attack to 12◦ and by operating the 
wind tunnel from zero velocity to the operational regime 
in a relatively short time (within 3–5 s). Just after having 
reached operating conditions, the progressive accumulation 
of oil has been photographed at regular intervals of about 
5 s, in order to see the development of the separation front 
into a stall-cell. The development of the flow pattern in 
Fig. 5 shows a constant and progressive accumulation of oil 
at one location, suggesting that the stall-cell is immediately 
localized in its precise location with no-large spatial fluc-
tuations. The abundance of oil in the stall-cell is conveyed 
from the recirculation region created by the buckling of the 
separation front. It can be further noted that a consistent 
modification of the oil path-lines from their straight path 
is seen upstream separation, much before the onset of the 
stall-cell pattern.
3.2  Stereoscopic PIV analysis
3.2.1  Experimental setup
Stereoscopic PIV measurements have been measured 
at several locations along the span-wise direction of the 
NACA64-418 wing. The averaged velocity fields have been 
combined in the span-wise direction to form a volume of 
data. Three velocity volumes have been created for angles 
of attack of 9◦–11◦–15◦ at a Reynolds number of Re = 106 
by combining planes acquired at a minimum distance of 
5 mm in the span-wise direction. Seeding particles from 
SAFEX-Long-Lasting-Mix are generated by a SAFEX fog 
machine able to provide droplets with a median diameter 
of ≈1 µm . The tracer droplets have been injected down-
stream the model, in order to determine a uniform and 
homogeneous concentration at the test section after flow 
recirculation in the closed circuit. Laser light provided by 
a Quantel CFR200 Nd:Yag laser with 200 mJ pulse−1 has 
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Fig. 4  Oil-flow visualizations of stall-cells in a NACA64-418 wing 
at Re = 106. Coordinates normalized with the airfoil chord of 25 cm 
and the airfoil span s = h of 1.25 m. Results corrected by polyno-
mial mapping into the plane c× s . a α = 7◦, b α = 9◦, c α = 11◦, d 
α = 12◦, b α = 13◦, f α = 15◦, g α = 18◦, h α = 20◦
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been conveyed through laser optics to form a laser sheet of 
about 35 cm width approximately 2 mm thick at the field 
of view (FOV) location. The flow is imaged by two CCD 
LaVision Imager Pro LX cameras with a sensor resolu-
tion of 4872× 3248 px2 and a pixel pitch of 7.4µm/px. 
The two cameras are mounted with a relative angle of 37◦, 
respectively, at about 10◦ forward scatter. Two Nikon–Nik-
kor lenses of f = 180 mm focal length and aperture f #5.6 
are mounted on the CCD cameras. At a distance of 1100 
mm, the cameras are imaging a field of view of about 
30× 20 cm2 with a camera digital resolution of 10.1 px/
mm obtained from the final stereoscopic mapping of the 
two cameras. With the current magnification factor of 0.11 
and the current aperture, the image particle size on the cam-
era sensor of 1.3 px (Westerweel 1997) allows mitigating 
the peak-locking problem. A histogram of the raw particle 
displacement is carried out to verify the absence of such a 
bias on the velocity fields. Image acquisition, processing 
and post-processing have been carried out by the LaVision 
DaVis 8.1.5 software. For each angle of attack and span-
wise location, 150 images have been acquired and further 
processed by a multi-pass correlation algorithm, with a 
final window size of 16× 16 px2 and 50 % overlap, giv-
ing a final resolution of 1 mm and a vector spacing of 0.5 
mm. A schematic of the setup is presented in Fig. 6. The 
employed finite spatial resolution of the resulting veloc-
ity fields may limit the capture of flow structures. With 
the applied multi-pass cross-correlation algorithm, flow 
structures with size larger than 1.7 times the window size 
are measured with less than 5 % modulation (Schrijer and 
Scarano 2008). Having a window size of 1× 1 mm2, the 
magnitude of flow structures down to 1.7 mm can thus be 
Fig. 5  Oil-flow visualization obtained by consecutive recording with about 5-s time delay. First and second rows correspond to the location of 
two consecutive stall-cells on the airfoil flow at Re = 106 with 12◦ angle of attack. Locations corresponding to Fig. 4
 Exp Fluids (2016) 57:127
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measured within 95 % accuracy. An iterative self-calibra-
tion procedure was applied to further improve the fitting of 
the captured planes from the initial location-based calibra-
tion, which is based on a known three-dimensional target. 
The application of the two calibration procedures helps in 
reducing effects due to lens distortion. A final polynomial 
fitting used for the mapping of the images is implemented 
within DaVis and iterated on the raw images, yielding a 
disparity vector of less than 0.08 px after self-calibration, 
considered satisfactory for stereoscopic cross-correlation 
(Raffel et al. 2007). The random errors on the averaged 
fields have been found to vary from less than 0.121 m s−1 
(0.2 % of the free-stream value at Re = 106) to 0.81 m s−1 
(1.5 % of the free-stream value at Re = 106) in the bound-
ary-layer region. The method used to obtain this numbers 
has been based on the work of Wieneke (2015). Errors on 
the root-mean-square values have been found to be rather 
small 0.21 m s−1; however, due to the lower magnitude of 
such quantities the relative uncertainty due to random com-
ponent still constitutes about 5–10 % of the measured fluc-
tuations in the boundary layer.
3.2.2  Velocity fields in the separated region
Oil-flow results have been discussed, showing the forma-
tion of a complex 3D flow pattern with the presence of 
periodic structures deforming the conventional flow topol-
ogy of a lifting wing. In the present section, a detailed anal-
ysis of such flow properties is carried out. The final aim of 
this study is to quantify the effect of the stall-cells in the 
flow velocity and surface pressure. A detailed analysis of 
the flow velocity and pressure on both the wing surface and 
outer flow field would require multiple arrays of velocity 
and pressure transducers, spaced along the span direction 
with a resolution of less than 1 cm. Typically, in indus-
trial wind-tunnel experiments, airfoils are tested under 
the hypothesis of 2D flow, by extruding their profile into 
a wing with aspect-ratio larger than 4. The pressure dis-
tribution is thus obtained from a single series of pressure 
taps inclined with respect to the mid-span line to ensure no 
interference between two consecutive sensors. In the pre-
sent study, stereoscopic PIV has been employed to meas-
ure the airfoil flow velocity in several planes normal to the 
wing span. The flow pressure is then obtained by integrat-
ing the flow pressure gradient, obtained from the Navier–
Stokes momentum equation with the PIV velocity as input, 
in a similar effort as in the work of van Oudheusden et al. 
(2007). Results have been compared to the ones of pressure 
taps in the wing, slanted at an angle of about 15◦ in order 
to avoid flow interference. Results pertaining to different 
steady angles of attack are presented. Cameras and laser 
have been installed on a traversing system with 0.2 mm 
precision, employed for the acquisition of the stereoscopic 
PIV measurements in planes normal to the span-wise direc-
tion. The traversing system allows minimizing the amount 
of multiple calibration procedures, always maintaining the 
same viewing conditions for all the measured planes. The 
spacing between different measurement planes in the span-
wise direction has been coherently chosen with the stall-cell 
periodicity, following the oil-flow results from Fig. 4. For 
the tested angles of attack, a minimum span range of 10 cm 
and a maximum of 25 cm has been measured, correspond-
ing to minimum and maximum spacing between consecu-
tive measurements in of 0.2 and 2 cm. In Fig. 7 contours of 
Fig. 6  Top view of the stereo-
scopic PIV apparatus. In the 
drawing: airfoil NACA64-418 
in the test section, C1 and C2 
cameras, laser illumination and 
seeding generator
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normalized flow-velocity magnitude |V |/V∞ × sgn(u) are 
presented, where |V | =
√
u2 + v2 + w2 and sgn(u) = u/|u| 
for u �= 0 m s−1 and sgn(u) = 0 for u = 0 m s−1. The flow 
fields pertaining to the most downstream region of the flow, 
respectively, at 9◦–15◦ show the pressure recovery region 
developing from location x/c = 0.65. Within the in-plane 
resolution of 1 mm, which includes the moderate effect of 
reflections mainly affecting the region at the leading edge, a 
really small recirculation zone is appreciated at 11◦ and 15◦ . 
The region of interest in the contours of Fig. 7 focuses on 
the location of the stall-cell formation, i.e., the most down-
stream location where flow separation occurs. The con-
tours show a periodic non-uniformity along the span which 
develops in a modulation of the shear-layer thickness. The 
contours of Fig. 7 show an increase of velocity fluctuations 
along with the amplification of the shear layer.
Concurrently with the change in the shear-layer position 
and thickness along the span-wise direction, an increase of 
the velocity fluctuations is measured. However, this does 
not correspond to a net increase of the velocity fluctuations 
inside the separated region. This is also confirmed by previ-
ous studies (Manolesos et al. 2014), where higher values of 
flow fluctuations are measured at the stall-cell shear layer 
instead of at the trailing edge location. The reason for this 
seems to be ascribed to a low-frequency oscillatory motion 
of the stall-cells with higher amplitude than the conven-
tional wake shedding determined at the trailing edge of 
such an airfoil. Once decomposing the flow fluctuations 
Fig. 7  Velocity magnitude and rms from stereoscopic PIV velocity fields acquired at different span-wise locations on the NACA64-418 wing. 
Rows of contours are organized per angle of attack: 9◦–15◦. Results pertain to free boundary-layer transition at Re = 106
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into single velocity components, it can be seen in Fig. 8 
that vertical and stream-wise fluctuations are dominant 
with respect to the out-of-plane components. However, the 
lower measured out-of-plane fluctuations might be a result 
of the stability of such structures in the span-wise direc-
tion, which might be justified by the relatively higher wing 
aspect-ratio and the higher Reynolds number.
In Figs. 9 and 10, contours of root-mean-square fluctua-
tions are shown as velocity magnitude decomposed along 
the stream-wise, vertical and span-wise directions. The 
magnitude of the fluctuations can be directly compared 
to the results in Fig.  4, where at the stream-wise location 
x/c = 0.9, and in correspondence of span-wise locations 
of z/c = 0.41, 0.55, 0.6, the stall-cells are formed. In cor-
respondence of the stall-cell locations, higher fluctuations 
in the separated flow are measured. The particular shape 
of the high rms region follows the periodicity and the size 
of the stall cells, almost doubling from 9◦ to 11◦. Once 
decomposed into their Cartesian components in Fig. 10, 
the major contribution to the flow fluctuations is given by 
the vertical one. This is coherent with a flapping motion 
of the shear layer associated with the determination of the 
vortical structures aligned with the stream-wise direction, 
confirmed by previous literature works. More moderate is 
the span-wise activity with respect to the stream-wise and 
vertical one. This is confirmed once again in the manuscript 
by the results of Fig. 10.
A characteristic length can be calculated from the veloc-
ity contours by estimating the variation of the shear-layer 
thickness per span location. At 9◦ and 11◦ angle of attack, 
the oil-flow visualization showed a coherent bucking of 
about �z/h = 0.1 coherently with the value calculated at 
the same span-wise locations of Fig. 7. More complex is 
the analysis of the flow field at 15◦ angle of attack, where 
the span-wise dislocation of the stall-cell extends fur-
ther outside the flow field measured by stereoscopic PIV. 
Although the PIV resolution does not allow to resolve the 
small stall-cell formation in detail, traces of the trailing 
vorticity can be seen in Fig. 11 for 9◦. Two main footprints 
in both the shear layer of the separated region and in the 
trailing vorticity from the stall-cell counter-rotating vortex-
pairs can be seen when plotting the vorticity ωx component. 
The development of the vortical structures from the stall-
cells deforms the vorticity associated with the separated 
region. The shear layer, besides a main rotation in the z 
direction (cfr. the high vorticity region in ωz), deforms in x 
Fig. 8  Absolute rms velocity component in the stream-wise, vertical and out-of-plane directions. NACA64-418 at 15◦ and Re = 106
Fig. 9  Contours of magnitude of root-mean-square fluctuations in the span-wise direction. NACA64-418 at 9◦, 11◦, 15◦ and Re = 106
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Fig. 10  Contours of root-mean-
square fluctuations decom-
posed in stream-wise, vertical 
and span-wise contributions. 
NACA64-418 at 9◦, 11◦, 15◦ and 
Re = 106
Fig. 11  Contours of vorticity 
component along the stream-
wise, vertical and span-wise 
directions. NACA64-418 at 9◦ 
angle of attack, Re = 106
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and y directions with subsequent positive and negative vor-
ticity regions corresponding to the bending of the separa-
tion line seen in the schema of Fig. 3.
3.2.3  3D velocity representation of the wing flow
The stall-cell pattern in the NACA64-418 wing determines 
an additional modification of the outer flow field, which is 
studied in this paragraph by combining the stereoscopic 
velocity data into a volumetric visualization in Fig. 12. In 
the visualization, two angles of attack are presented. The 
separated region follows the separation front as already 
indicated by the oil-flow visualization of Fig. 4 from x/c = 
0.8 to x/c = 0.4 when increasing the angle of attack from 9◦ 
to 11◦. At the limit of the PIV resolution, the three-dimen-
sional deformation of the separated front at the stall-cell 
location is not as visible as in the outer region of the wing 
flow. The 3D visualization for the different angles in Fig. 12 
is normalized with the u component, in the free-stream 
direction. Several surfaces are added at |V |/V∞ × sgn(u) to 
indicate the region of flow acceleration down to the sepa-
ration at |V |/V∞ × sgn(u) = 0, visible at about x/c = 0.8 
for the different cases. The three-dimensionality of the 
separation shows a buckling of about �z/h = 0.08 slightly 
smaller than what already confirmed by Fig. 7 and by the 
oil-flow visualizations in Fig. 4. The three-dimensional pat-
tern in the airfoil flow separation becomes more evident 
at higher angle of attack (11◦), with the separation region 
deforming from a uniform front at about �z/h = 0.2. The 
presence of the three-dimensional change of the contour 
geometry is additionally evidenced in the most upstream 
iso-surfaces, as the ones taken at |V |/V∞ × sgn(u) > 1.3 
deformed in correspondence of the mid-span location of 
the three-dimensional structure. It can be anticipated that 
the three-dimensionality of the separation front propagates 
to the flow at the suction side, as the contours at relatively 
higher velocity magnitude indicate. This demonstrates that, 
besides the fluctuating component previously discussed, 
the presence of the stall-cell pattern induces a net change 
in the mean pressure field on the wing surface. The present 
effect, whether it can be modeled as a relative change of 
the flow angle of attack in the span-wise direction or as a 
localized change in flow pressure, will be investigated in 
the section dedicated to the quantification of the change in 
loading with respect to the quasi-2D airfoil performance.
4  Pressure distribution along the wing span
In the present section, an attempt is made to quantify the 
span-wise variations of the load distribution of the wing. To 
the purpose, the surface pressure as obtained from integra-
tion of the experimental velocity is compared to the results 
obtained from direct measurements via pressure taps in the 
wing model. The time-averaged pressure gradient and the 
Laplacian of the pressure field have been first computed 
by employing the Navier–Stokes momentum in the Reyn-
olds average form van Oudheusden et al. (2007) with the 
experimental velocities as input. Integration of the pres-
sure gradient derived from the Navier–Stokes equations 
has been carried out by solving the Poisson equation using 
the 3D velocity information with both Neumann and Dir-
ichlet (Bernoulli pressure) conditions in the boundaries of 
the domain. Details of the procedure can be found in van 
Oudheusden et al. (2007), with several applications in low- 
and high-speed aerodynamics (van Oudheusden 2013). The 
present methodology allows using the vector field statistics 
as input in a similar manner as in Ragni et al. (2012) to 
obtain the mean surface pressure. If the flow is stationary 
in the statistical sense, the scanning stereoscopic PIV setup 
Fig. 12  3D normalized velocity contours for 9◦ and 11◦ angle of attack, z/h axis expanded by a factor 2 for clarity, NACA64-418, Re = 106. 
a α = 9°, b β = 11°
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still allows obtaining the mean pressure field, without the 
need of having time-resolved measurements. The procedure 
has already been found by the authors to have comparable 
accuracy to conventional pressure probes, especially when 
the flow accelerations are moderate (Ragni et al. 2014).
4.1  Distributed pressure orifice results
The pressure coefficient distributions in Fig. 13 are the 
results of consecutive measurements acquired via a scanni-
valve system with 52 pressure probes distributed along 
a line inclined of about 15◦ with respect to the chord. The 
inclination with respect to the mid-span location is meant 
to avoid flow interference between two consecutive orifices 
in the measurements of the surface pressure. The surface 
pressure coefficients are obtained in red for the airfoil top 
surface and in black for the bottom one. The lines show the 
typical flow behavior for a laminar airfoil. The cambered 
shape determines an asymmetrical pressure distribution at 
0◦ angle of attack with the presence of a laminar separa-
tion bubble at the top surface, as shown from the abrupt 
change in curvature in the pressure coefficient at the suc-
tion side at about x/c = 0.5. At positive pitch, a pressure 
coefficient peak on the suction side starts developing from 
8◦ angle of attack, reaching his maximum cp = −5.88 at 20◦ 
angle of attack. The NACA64-418 airfoil separation can 
Fig. 13  Pressure coefficient distributions as obtained from 52 pres-
sure taps distributed along the airfoil, at stream-wise locations indi-
cated in Fig. 1; no interference ensured by inclination of the taps line 
along the span-wise direction of 15◦. Red top surface pressure distri-
bution, black bottom surface pressure distribution. Averaged results 
obtained from a scanni-valve system acquiring about 360 samples in 
3 min
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be already seen at 8◦ pitch on the suction side. At the same 
angle, a change in curvature is also evident at about x/c = 
0.4 just before the incipient separation. It has to be noted 
that this change in curvature on the suction side is persis-
tent till 20◦, angle at which the flow fully separates on the 
top surface. Although exactly in the range of the stall-cells 
development, it is difficult to ascribe the particular change 
in performance to the stall-cell pattern, especially when 
considering the chord-wise distribution of the pressure 
orifices slanted with respect to the middle span. It is a fact 
that when comparing 4◦, 8◦ and 20◦ at chord locations of x/c 
between 0.10 and 0.50, a different mechanism of flow sepa-
ration is seen. The separation front moves upstream from 
the trailing edge till 24◦, first point where the flow is fully 
detached on the top surface.
4.2  Span‑wise pressure coefficient distributions
In the present section, the single distribution of the mean 
flow pressure as obtained from the pressure taps has been 
compared to the surface data obtained from the PIV veloc-
ity fields in Fig. 14. The data shown in Figs. 7 and 12 are 
used as input in the pressure integration methodology from 
stereoscopic PIV, in order to quantify the span-wise vari-
ation in the airfoil loading with respect to the mean one. 
The comparison is mainly focused in the pressure recovery 
region, where accelerations are moderate and the effect of 
the three-dimensional stall-cell structure is more visible. 
In this region, the uncertainty on the pressure coefficient 
derived from PIV is comparable to the one of the pres-
sure orifices, and the technique is able to discern pressure 
coefficient variations with an uncertainty of about 0.02. 
Figure 14 shows the pressure data at the surface as derived 
from PIV for the tested angles of attack. The change in 
pressure due to the presence of the stall-cell on the mean 
field is a fraction of the overall pressure distribution on the 
airfoil wing. Therefore, in the second row of Fig. 14 the 
span-wise average component of the pressure coefficient, 
that is the average along the span direction of the pressure 
coefficient at the same chord-wise locations per PIV plane, 
Fig. 14  Contours of surface pressure coefficient and spatial fluctuations as derived from PIV-based pressure evaluation on the suction side of 
the wing. Columns are organized per angle of attack. Data pertaining to the NACA64-418 wing, 9◦, 11◦, 15◦, Re = 106
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is subtracted to the surface distribution of the pressure 
coefficient profiles. Once removing such a component, it 
can be seen from the span-wise variation of the cp distribu-
tion that the stall-cell pattern induces a periodical change 
in the loading along the span-wise direction. Contours of 
the pressure coefficient within the PIV span-wise locations 
from Fig. 14 show maxima of c′p of about 0.1–0.2, mainly 
localized just after the beginning of the separation zone.
The pressure distributions are additionally visualized 
in Fig. 15 as arrows of length equal to the magnitude of 
the local pressure coefficients. Each arrows unit length is 
normalized in the x/c, y/c axis with respect to 0.1× cp and 
the locations are chosen, respectively, from Fig. 14. When 
comparing the PIV-based surface cp to the orifice ones, it 
can be seen that, besides a general agreement, small fluc-
tuations along the span are seen at the stall-cell locations. 
In summary, the comparison suggests that the mean effect 
of the stall-cells in the flow pressure field is of the order of 
a change in curvature of the airfoil profile at the particular 
section. The graphs allow localizing the change of pres-
sure coefficient into a region where the change in cp seems 
to follow a single-peak distribution, bounded between the 
pressure peak and the incipient separation. Although this 
evidence is not addressed in literature, more focused on 
the treatment of the temporal pressure fluctuations instead 
of the spatial ones, the present small fluctuations might be 
important when considering flow control, since associated 
with a particular flow structure acting at the wing separa-
tion. It can also be noted that the highest span-wise change 
in pressure coefficient is given by a lower angle of attack 
than the one of the maximum pressure coefficient, pre-
cisely the one where the corresponding oil-flow measure-
ments present a sharper recirculation zone. In this respect, 
in Table 1 an attempt is made to convert the surface span-
wise change in the pressure coefficient into fluid force. 
Integration of the pressure coefficient with normalization 
per measured area, an overall rms change of lift coefficient 
of about cl = 1 %; 6 %; 3 % is computed with respect 
to the lift of the airfoil at the prescribed angles of 9◦, 11◦ 
and 15◦. Although this corresponds to a negligible change 
with respect to the total lift of the wing (quantified by inte-
grating positive and negative changes into the mean force 
on the wing), local non-uniformities are rather larger and 
comparable to the drag values. It has to be reminded that 
this effect is already present in the mean pressure field, 
Fig. 15  Surface pressure coefficient and spatial fluctuations as 
derived from PIV-based pressure evaluation on the suction side of the 
wing. Lines and arrow-plots obtained for three angles of attack and 
extracted at the dash-dot locations of Fig. 14. Data pertaining to the 
NACA64-418 wing, 9◦, 11◦, 15◦, Re = 106
Table 1  Integration of c′
p
 variations of Fig. 14 into Newton force in 
percentage of total wing lift/drag
Estimation carried out with distribution of the pressure side as from 
Fig. 13. As expected, the mean force on the wing ascribed to spatial 
pressure coefficient variations is almost negligible compared to the 
spatial rms values
α◦ Lift N Drag N Mean F  
(% Lift)




9 752.5 19.2 0.1 1.1 45.5
11 795.9 33.5 0.9 6.4 127.5
15 824.5 71.2 0.1 2.9 27.7
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on which the fluctuating component due to the oscillatory 
motion of the stall-cells has to be superimposed.
5  Conclusions
The effect of stall-cells on the mean flow velocities and 
pressure of a NACA64-418 has been investigated. Flow 
visualization at Reynolds Re = 106 showed the presence 
of a pattern of stall-cells which develops from 9◦ up to 20◦ 
angle of attack. The size and the shape of such structures 
have been found in agreement with previous literature, 
with a stall-cell inner-size growing up to 0.2c. Footprints 
of the presence of a small leading-edge separation bubble 
have been measured in pressure orifices data. However, its 
effect does not seem to influence the stall-cell development 
until the full separation at the suction side is reached. An 
investigation carried out by employing a multi-plane stere-
oscopic PIV setup showed the presence of a span-wise non-
uniformity in the separation front of the wing, with maxima 
of root-mean-square velocity fluctuations still localized in 
correspondence of the shear-layer profile. Analysis of the 
single velocity and vorticity components show vortical fea-
tures aligned with the stream-wise direction, deforming the 
shear-layer profile in both vertical and span-wise directions. 
This is also confirmed by the stronger contribution of the 
vertical and stream-wise fluctuations when compared to the 
span-wise ones. This particular fact suggests that the shed-
ding of the separation front is decoupled from its breaking, 
forming the stall-cells pattern. Stacking of the different ste-
reoscopic velocity fields pertaining to different span-wise 
locations shows that the influence of the pattern is extended 
to outer regions upstream the wing separation, as well as 
determining a periodic change in the whole wing velocity 
and pressure field. Integration of the PIV velocity fields 
into pressure shows a net modulation effect in the span-
wise direction which localized in a vast region between the 
maximum suction peak and the beginning of the separation 
front, with maximum variations of about 0.15 dictated by 
the strength of the vortical structures at the stall-cell loca-
tion, and not by the local pressure peak of the wing. While 
this effect is clearly visible in the span-wise distribution of 
the surface pressure coefficient, the final effect on the pres-
sure orifices is similar to a local change in the airfoil cur-
vature. This effect is already measured on the mean pres-
sure field, and it might have important repercussions on the 
flow separation zone, where the pressure fluctuations are 
mainly located. The pressure coefficient variations along 
the wing span mainly distribute along the pressure recovery 
zone of the airfoil profile. Integration of such distribution 
along the full span has been attempted, conveying maxi-
mum rms fluctuations with respect to the mean lift coef-
ficient of about 2–6 %. Future work is dedicated to further 
characterize the time characteristics and the stability of 
the stall-cells in function of the pressure field regenerated 
along the wing.
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